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The possibility to tune the Dzyaloshinskii Moriya interaction (DMI) by electric (E) field gating in
ultra-thin magnetic materials has opened new perspectives in terms of controlling the stabilization
of chiral spin structures. Most recent efforts have used voltage-induced charge redistribution at the
interface between a metal and an oxide to modulate DMI. This approach is attractive for active
devices but it tends to be volatile, making it energy demanding, and it is limited by Coulomb
screening in the metal. Here we have demonstrated the non-volatile E-field manipulation of DMI
by ionic liquid gating of Pt/Co/HfO2 ultra-thin films. The E-field effect on DMI scales with the
E-field exposure time and is proposed to be linked to the migration and subsequent anchoring of
oxygen species from the HfO2 layer into the Co and Pt layers. This effect permanently changes the
properties of the material showing that E-fields can not only be used for local gating in devices but
also as a highly scalable materials design tool for post-growth tuning of DMI.
I. INTRODUCTION
Controlling magnetic states in ferromagnetic met-
als by electric (E) fields [1] is a promising route for
lowering power consumption in spintronics devices.
Lowering critical switching currents in magnetic tunnel
junctions [2] and improving domain wall motion in
race-track devices [3] by inducing E-field anisotropy
modulations are among the most exciting perspectives.
The Dzyaloshinskii Moriya interaction (DMI) has also
revealed itself as a key element in the design of novel
spintronics devices since it can induce the formation
of chiral magnetic structures like skyrmions and Ne´el
like domain walls [4]. Controlling DMI by E-fields is
therefore of outstanding practical interest since it could
allow for the dynamic and local tuning of chiral spin
structures.
E-field control of magnetic anisotropy and domain wall
(DW) dynamics through a pure charge accumulation
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[5–9] or an ionic motion mechanism [6, 9–13] have been
demonstrated, the non-volatility of ionic effects making
them particularly interesting for applications. E-field
control of DMI has been recently observed through
volatile charge accumulation in CoFeB/TaOx [14] and
Pt/Co/Pd [15] systems. In addition, a reported E-field
induced modulation of skyrmion bubble nucleation in
Pt/Co/Al2O3 [16] indicates also a potential E-field effect
on DMI. In terms of ionic effects on DMI, evidence has
been shown indirectly as the ionic control of the spin
Hall angle [17] in Pt/Co/GdOx systems. However, a
detailed characterisation of the effects of E-field induced
ionics on DMI and an assessment of the full potential of
ionics in defining the magnitude of DMI in a non-volatile
fashion is still lacking.
In this study we present a non volatile and cu-
mulative E-field induced reduction of DMI in Pt/Co
(0.6 nm)/HfO2/ionic liquid (IL) gate devices which is
accompanied by a spin reorientation transition (SRT)
from in-plane to perpendicular magnetic anisotropy
(PMA). These E-field induced changes have been related
to the migration of oxygen species from HfO2 into the
Co and Pt layers producing a gentle oxidation of the
2FIG. 1: Schematic of the Pt/Co/HfO2 liquid gate device to-
gether with hysteresis loops measured under a perpendicular
magnetic field before (black) and after (red) applying a gate
voltage of -3V for 1 minute. The Kerr microscopy image (in-
set) shows the domain pattern in the demagnetised state after
the gate voltage application.
Co and important structural changes at the interfaces.
Oxidation at the Co/HfO2 interface is thought to be
responsible for the increase (and subsequent decrease at
long biasing times) in PMA while Co oxidation and ion
recombination at the Pt/Co interface is thought to lead
to a decoupling between the Pt and Co layers and in
turn, a weakening of the DMI.
It is worth noting that the liquid gate [18] can be re-
moved after these non-volatile effects have been induced,
opening the possibility of using E-fields as a low-cost
and simple tool for materials design.
II. MAGNETISATION, PERPENDICULAR
ANISOTROPY AND DMI
Figure 1 shows a schematic view of the device and the
hysteresis loops measured under a perpendicular mag-
netic field corresponding to an as-grown film (black line)
and a film exposed to a gate voltage of -3V (red line) for
a duration of 1 minute. A full SRT into a perpendicular
magnetic anisotropy state takes place and persists when
the voltage and liquid gate are removed. All experiments
have been conducted in ambient conditions and the bias
voltage (-3V) was applied between the Pt layer and a top
FIG. 2: (a) Ms × t (circles) and (b) µ0HK (squares) as a
function of the E-field biasing time. Lines are a guide to the
eye.
counter electrode coated with transparent InSnOx (ITO)
for 1 minute to 22 minutes. The resulting E-field at the
surface of the film is approximately 0.6 GV/m (see sup-
plementary information for more details [19]). Figure 2
shows the evolution of the measured product Ms× t (cir-
cles), where Ms and t are the saturation magnetisation
and the film thickness, respectively. Ms was measured by
superconducting quantum interference device (SQUID)
magnetometry using out of plane magnetic field ramps
going up to a saturation field of 600 mT and 120 mT for
the as-grown and biased samples, respectively. Straight
lines were subtracted from all loops to correct for the dia-
magnetic background. All of the film pieces were cleaved
from the same wafer and have the same properties before
E-field exposure. The anisotropy field µ0HK measured
by BLS (full squares) and SQUID (empty squares) as
a function of the biasing time is also shown. Ms × t
increases between 0 and 1 minutes followed by a mono-
tonic decrease. The trend in µ0HK suggests a weakening
of the perpendicular magnetic anisotropy constant Keff
(µ0HK = 2Keff/Ms, considering a constant t = 0.6 nm,
see supplementary information [19]) beyond 4 minutes.
The values of the DMI constant strength D measured
by BLS are shown in Fig. 3 (a) (full symbols). These
values were obtained by analysing under a saturating in-
plane magnetic field the frequency asymmetry (∆F ) of
the BLS Stokes and anti-Stokes inelastic scattering peaks
as a function of the wave vector kSW [20] shown in Fig.
3 (b), a dependence ruled by the following expression:
∆F =
2γ
piMs
DkSW , (1)
where γ is the gyromagnetic ratio. Stokes and anti-Stokes
peaks for an as-grown film and a film biased for 1 minute
are shown in Fig. 3 (c) and (d), respectively (see sup-
plementary information for the full dataset [19]). Solid
lines correspond to a Lorenzian fitting of the peaks. The
absolute DMI value presents a strong decrease between
0 and 1 minutes and tends to stabilise around D= -0.3
mJ/m2 in the range between 2 minutes and 4 minutes.
These values have been calculated using the measured
3FIG. 3: (a) DMI constant D as a function of the biasing
time, values calculated using estimated Ms values are shown
as empty symbols. The dotted line is a guide to the eye. (b)
Frequency asymmetry as a function of the wave vector and
linear fitting lines. BLS spectra at kSW = 20µm
−1 for the
(c) as-grown and (d) 1 minute biased films. The solid lines
correspond to the Lorenzian fitting.
Ms × t values presented in Fig. 2 (full symbols) or an
estimation based on the same data set (empty symbols)
and considering the nominal Co layer thickness of 0.6
nm. Potential E-field induced variations in t have been
taken into account and do not modify significantly these
results (see supplementary information [19]). Reversing
the E-field polarity or removing the ionic liquid from the
samples did not recover the values of DMI, Ms or µ0HK ,
indicating that the induced changes are permanent and
irreversible (see supplementary information [19]). The
total DMI variation presented here amounts to a factor
of ≈ 2.9 with respect to the initial value which is sig-
nificantly higher than the variations obtained by charge
accumulation in both CoFeB/TaOo [14] and Pt/Co/Pd
[15] systems, of nearly a factor of ≈ 2.2 and ≈ 1.1, re-
spectively.
III. MAGNETIC DOMAIN WALL MOTION
The value of DMI can also be evaluated by measuring
the asymmetry of magnetic DW motion under simulta-
neous in-plane and out of plane magnetic fields [21, 22]
in the perpendicular anisotropy regime. Typical Kerr
microscopy images of the magnetic domain asymmetric
expansion under in-plane fields (µ0HX), a signature of
the presence of DMI, in a film biased for 1 minute are
presented in Fig. 4 (a). The velocity curves under µ0HX
for the films biased at 1 and 4 minutes (Fig. 4 (b) and
(c), respectively) show minima at ±µ0HDMI that are
FIG. 4: (a) Kerr microscopy images of the domain expan-
sion in the sample biased for 1 minute under in-plane fields
(µ0HX). Velocity curves as a function of µ0HX from films
biased for 1 (b) and 4 (c) minutes, respectively. (d) DMI pa-
rameter D extracted using the experimentally obtained values
of A shown in (e). Lines are a guide to the eye.
correlated to the magnitude of the DMI parameter D:
µ0HDMI =
D
Ms∆
, (2)
where ∆ =
√
A/Keff is the domain wall width parameter
and A the exchange stiffness constant [21] (see supple-
mentary information for the full dataset [19]). D values
have been calculated for biasing times of 1 minute, 2 min-
utes, 4 minutes and 12 minutes and are shown in Fig. 4
(d). The value of A used in these calculations was deter-
mined by measuring the temperature dependence of the
magnetic moment for as-grown, 1 minute and 4 minute
samples and evaluating the validity of the Bloch T 3/2 law
[23, 24] (see supplementary information [19]). The val-
ues of A are shown in Fig. 4 (e), they vary between 9
pJ/m and 12 pJ/m which is below the typical value used
for thin films (16 pJ/m [25, 26]). This difference can be
attributed to the ultra-thin nature of the magnetic film
[23] which could contribute to a more pronounced influ-
ence of alloying with Pt that has been shown to induce
a decrease in A [26].
Although the D values measured by BLS and DW mo-
tion show a similar trend, the DW motion measurements
give higher values and a weaker dependence on the E-field
than those obtained by BLS. The origin of the discrep-
ancies between these two sets of values remains an open
question. Discrepancies between D values obtained by
DW motion experiments under in-plane fields and BLS
4have already been reported and attributed to the differ-
ence in length scales probed by each technique [21] or
by the limitations of a simplified model in more complex
scenarios [27]. In this context, an inhomogeneous D in
the film could be responsible for the discrepancy. Since
the mechanism for the modulation of D in this study
is related to a modification of the material it can not be
ruled out that the E-field effect has not only an impact on
the average value of D but also on its distribution across
the sample, for example through preferential ionic accu-
mulation in the vicinity of a defect, which could increase
a discrepancy between different measurement methods.
Additionally, the calculation of the D values by DW mo-
tion measurements depends on the accuracy of the mea-
sured Keff and A values, an uncertainty not present in
the derivation of the D values by BLS and which could
give rise to a discrepancy with the values obtained from
DW motion.
Figure 5 (a) shows the DW velocity curves as a function
of the perpendicular magnetic field strength obtained for
biasing times of 1 minute, 2 minutes and 4 minutes (open
symbols) indicating a strong reduction of the DW ve-
locity consistent with the observed decrease in D. The
curves do not present the typical dependence described
by the one dimensional model of DW motion [28], namely
a strong decrease of the speed after the Walker field, fol-
lowed by a linear increase with low mobility, instead they
show a saturation of the DW velocity a high magnetic
fields. This feature, which has already been observed in
a number of materials including Pt/Co [25, 29, 30], has
been attributed to instabilities of the internal structure
of the DW above the Walker field, where the annihilation
of vertical Bloch lines allows maintaining high velocities
after the Walker field [31].
Micromagnetic simulations conducted in order to better
understand the mechanism behind the observed velocity
reduction are also shown in Fig. 5 (a) (full symbols). The
simulations were performed considering an area of 2µm
× 2µm and a granular structure with a grain size of 20nm
and a dispersion of Keff , Ms and D in order to simulate
disorder (see Fig. 5 (b) and supplementary information
for more details [19]). The simulated disorder introduced
here is based on the typical grain size values found in the
literature for this type of material. The individual varia-
tion of the experimental parameters for each grain is in-
troduced randomly in the 0-20% range which constitutes
an average of 10%, also a typical value [27, 32]. The sim-
ulations presented in Fig. 5 (b) have been obtained with
values of D of 1.3 mJ/m2, 1.05 mJ/m2 and 0.74 mJ/m2
for the samples biased for 1 minute, 2 minutes and 4 min-
utes, respectively, which are significantly higher than the
D values obtained by either BLS or DW motion. Other
studies in the literature [30] have shown that intermixing
and disorder at the ferromagnetic/heavy metal interface
can not only lead to changes in D but can also have a
large impact on the value of the DW velocity plateau.
A careful analysis of the impact of E-field induced ionic
motion on disorder is needed to complete the picture and
FIG. 5: (a) Experimental domain wall velocity as a function of
a perpendicular magnetic field for films biased for 1 minute, 2
minutes and 4 minutes (empty symbols) and micromagnetic
simulations (full symbols). (b) Granular structure used for
the micromagnetic simulations.
better understand the discrepancies between the values
of D obtained by different methods. Nevertheless, the
decreasing trend of the DMI strength with respect to the
exposure time is confirmed by all methods.
IV. STRUCTURAL ANALYSIS
In order to elucidate the mechanism behind the E-field
induced modification of the DMI strength we have
conducted a thorough structural analysis to unveil the
E-field effect on the structure of the interfaces and
the oxidation state of Co. This has been done by
conducting X-ray absorption spectroscopy (XAS), X-ray
photoelectron spectroscopy (XPS) and polarised neutron
reflectometry (PNR) experiments.
Figure 6 shows the XAS spectra in the energy range
corresponding to the Co L2 and L3 edges of as-grown
as well as samples biased for 1 minute, 2 minutes and
4 minutes. The known features corresponding to higher
oxidation states in Co, namely satellite peaks at the L3
edge that depend on the Co oxidation state [11, 33, 34],
show as subtle variations in the symmetry of the main
peak after biasing. However, the intensity of the L3 peak
increases significantly as a function of biasing time which
5FIG. 6: (a) XAS spectra at the Co L2 and L3 edges as a
function of the biasing time. XPS spectra at the (b) Co 2p3/2
and (c) Pt 4f regions for an as-grown sample (solid lines) and
a sample biased for 4 minutes (dotted lines).
is an indication of an increase in unoccupied d levels [35]
and could be correlated with a higher valence state in
Co. The increase in the Co valence inferred by XAS is
confirmed by the surface analysis provided by XPS and
shown in Fig. 6 (b) and (c) for the as-grown sample
(solid line) and a sample biased for 4 minutes (dotted
line). A significant decrease in the intensity of the
metallic Co 2p peaks and a shift towards higher binding
energies confirm a change in the chemical environment
in Co consistent with an increase in valence. A similar
correspondence between the XAS and XPS profiles
has been observed in the presence of mild oxidation in
Pt/Co/AlOx layers [36].
Additionally, Fig. 6 (c) shows the intensity of the 4f
peaks of Pt where also a clear shift to higher binding
energies is observed. Studies in the literature have linked
a similar increase in the binding energy to an interaction
with oxygen species [37] which is in agreement with the
oxidation signature in the Co spectrum. No significant
changes in the Hf 4f and O 1s peaks have been observed
(see supplementary information [19]).
Further insight into the E-field impact on interface
structure is provided by PNR measurements. This
technique allows for the construction of a depth profile
of the magnetic and material characteristics of the
system and provides a transverse characterisation of
the interfaces [11, 12, 38, 39]. Figure 7 (a-c) shows
a series of high-frequency Kiessig oscillations, with a
second longer period structure, corresponding to the
thick SiO2 underlayer and thinner HfO2, Pt and Co
layers, respectively. The splitting between the spin-
up and spin-down neutron channels (R++ and R−−,
respectively) is qualitatively related to the in-plane
projection of the magnetisation. The splitting is quan-
titatively presented in the spin asymmetry, defined as
SA ≡ (R++ − R−−)/(R++ + R−−), which is shown
in Fig. 7 (d-f). A model incorporating the thickness,
interface roughness, magnetic scattering length density
(ρM , magnetic SLD) and nuclear SLD (ρN ), of each
of the layers is generated, then the reflectometry of
the proposed structure is calculated and compared to
the experimental data. Through an iterative feedback
calculation a model is developed that accurately re-
produces the experimental results. The models were
fitted in parallel with coupled parameters, significantly
improving the uniqueness of the converged fits.
The converged models presented in Fig. 7 (g-i) agree well
with the expected profile, while the calculated scattering
patterns, shown in solid lines for Fig. 7 (a-f), agree well
with experimental measurements. Unexpectedly, the
nuclear structure reveals a progressive broadening of the
SiO2/Pt interface, and an increase in the Pt thickness,
but little change in the Pt SLD.
The ferromagnetic signature of Co obtained from PNR
measurements gives further insight into the mechanics of
the E-field indicating a marked surface oxidation of the
Co. The magnetic profile was obtained measuring under
an in-plane magnetic field (200mT) well below µ0Hk of
the PMA phase. Under these conditions the as-grown
sample is saturated in-plane and a proximity induced
magnetisation in the Pt layer is observed. After the
E-field treatment the magnetic signal in the plane of the
sample is strongly reduced and it is concentrated at the
Co/HfO2 interface. This signal is the in-plane projection
of the magnetisation and anisotropy effects can not be
distinguished from changes in Ms. However, this reduc-
tion can be directly related to the spin reorientation
transition evidenced by SQUID measurements where a
large PMA is present in samples biased for 2 minutes
and 4 minutes in contrast to the as-grown sample that
is fully magnetised in-plane.
Considering the nuclear and magnetic profiles together,
the initial magnetic SLD being lower than bulk and the
nuclear SLD being larger suggests that the as-grown Co
film may be partly oxidized. Assuming that the E-field
simply induces the injection of OH− or O−2 into the
stack would decrease the magnetic SLD, but would raise
the nuclear SLD, which is not observed. One possibility
is that the E-field treatment might inject hydrogen ions
in the form of OH−. In this context, the Pt surface
could act as a catalyst and promote the binding between
oxygen ions and Co while inducing the irreversible
anchoring of hydrogen ions to the Pt layer. This process
could happen not only at the Pt/Co interface but also
at the SiO2/Pt interface which substantially broadens
after the E-field treatment. At the Co/HfO2 interface
a stronger effect could be expected since it is in close
vicinity of the OH− source, the HfO2 layer. Therefore,
it is likely that the first atomic layer of Co is the
one presenting the highest level of oxidation. This
6FIG. 7: (a-c) PNR signals R++ and R−− as a function of the wave vector and the corresponding fitting lines, the spin asymmetry
is plotted in (d-f). The scattering length density (SLD),the model used to fit the experimental data, is presented in (g-i).
is supported by the SLD magnetic profile, showing a
magnetisation in-plane component concentrated at this
interface in PMA samples that could arise due to an
over oxidation.
Ionic motion in HfO2 and its interplay with ambient
humidity provides a possible explanation for these
findings. Studies in the literature have addressed the
role of water incorporation into HfO2 exposed to air
and proposed that a dissociative adsorption of each
water molecule at the HfO2 surface can lead to the
production of two OH− ions [40, 41]. In addition, in
samples where a subsequent selective removal of the
HfO2 layer is performed, a signature of labeled OH
−
ions introduced through exposure to humidity is still
present, and is linked to a migration and subsequent
anchoring of OH− to the SiO2 substrate [40]. This
scenario, where a preferential creation and migration
of negatively charged species inside the HfO2 layer can
occur, has also a correspondence with the observed
asymmetric response of the system to the E-field where
no effects or reversibility are observed under positive
gate voltages (see supplementary information [19]).
In addition, the potential anchoring of these species
at the SiO2/Pt interface could account for the large
increase in the interface width that is evidenced by PNR.
V. DISCUSSION
The results presented in the previous sections unveil
a complex scenario where E-fields induce structural,
chemical and magnetic changes across the whole
SiO2/Pt/Co/HfO2 multilayer pointing at the role of
ionic migration across multiple interfaces. Several
studies in the literature relate E-field induced ionic
effects at a Co/oxide interface to the migration of O−2
ions that can bind to the Co increasing its oxidation
state [10, 11, 42]. Reports on Pt/NiCo/HfO2/IL sys-
tems show reversible non-volatile voltage effects on the
magnetic properties by long biasing times between 10
minutes and 60 minutes and which are attributed to
oxygen ion displacement from (to) the HfO2 layer and
subsequent oxidation (reduction) of Ni and Co as a
function of the gate voltage [10]. In the present case
the notion of a migration of oxygen species towards the
Co/HfO2 interface is well supported by the observed
partial surface oxidation of Co, however, a different
scenario seems to be at play at the Pt/Co interface and
even down to the SiO2/Pt interface. According to the
PNR analysis ion groups, potentially including OH− or
O−2 are likely to migrate towards the Pt/Co interface
and into the Pt layer to induce a partial oxidation of
Co and the anchoring of neutral species that are no
longer affected by E-fields. This makes the E-field effect
asymmetric with respect to the gate voltage sign and
also irreversible which is in good agreement with the
7experimental observations.
These important E-field induced chemical and structural
rearrangements at the Pt/Co interface are thought to
be responsible for the E-field induced reduction of DMI.
As it is well known, surface DMI is largely determined
by the structure of the interfaces between the magnetic
material and the interaction with a heavy metal plays
a particularly important role [43, 45]. In addition, the
analysis of the SLD profile leads to the conclusion that
the structural changes responsible for the expansion of
the Pt layer seem to take place at the SiO2/Pt interface.
The neutron SLD profile does not show marked new
features at the relatively sharp Pt/Co interface, while
the SiO2/Pt interface becomes increasingly blurred
after E-field exposure which could also give rise to
strain related effects that could impact DW motion and
pinning (see supplementary information [19]).
Another interesting aspect to highlight is the changes
taking place between the as-grown sample and the
sample biased for 1 minute. The reported decrease in
DMI takes place simultaneously with a marked strength-
ening of PMA. The appearance of PMA is attributed
mostly to a gentle oxidation of the Co at the Co/HfO2
interface. An under/overoxidation of Co is known to
decrease PMA [36] while an optimal degree of oxidation
can provide the maximum PMA which is here achieved
in the vicinity of a biasing time of 1-2 min. Recent
studies [44] have shown that the oxidation of the Co
surface produces changes in PMA and DMI that follow
the same trend. In the present study, D is observed to
decrease monotonically showing not to be necessarily
linked to the variations in PMA in this short bias time
range. This points at the fact that the observed changes
in DMI are dominated by the contribution from the
Pt/Co interface rather than by those at the Co/HfO2
interface. As mentioned, an important contribution to
DMI is defined at the interface with a heavy metal with
high spin orbit coupling [44, 45] and E-field induced ion
migration towards the Pt/Co interface can only produce
a decrease in DMI, unlike the simultaneous E-field
induced oxidation of the top Co interface that can help
reaching the optimum level of oxygen content leading to
a higher PMA.
VI. CONCLUSION
We have shown an E-field induced non-volatile modi-
fication of PMA and DMI in Pt/Co/HfO2 IL structures.
The effects observed are cumulative in time and are
attributed to a potential OH− migration, recombination
and anchoring at interfaces in the presence of a negative
gate voltage. IL gating allows to permanently modify
D, HK and Ms and to subsequently remove the IL gate
for further use of the modified film in any fabrication
process. Therefore, this constitutes an interesting
method to achieve post-growth PMA and DMI tuning
over large scales which can be done in ambient con-
ditions and at room temperature. This method can
make post-growth material design possible without
the demanding technical requirements of methods like
ion irradiation or plasma oxidation which usually need
complex plasma/UHV systems. This large and time
cumulative modulation of DMI and magnetic anisotropy
allows for the use of E-fields by IL gating not only for
local control in nanodevices but also as a simple and
low-cost tool for post-growth material design.
Further developements are envisioned for this system,
specially concerning the reversibility of the E-field
effects, by exploring short bias times in the window
between 0 and 1 minutes. In addition, valuable in-
formation concerning the different DMI contributions
coming from the Pt/Co and Co/HfO2 interfaces could
be further explored by controlling the penetration depth
of the ions. Interesting perspectives are also to be ex-
pected by exploiting the memristive capabilities of HfO2.
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